The Middle-Upper Triassic Bagolyhegy Metarhyolite Formation of the Bükk Mts. (Hungary) hosts silici ed bodies with high potassic feldspar content formed by Kmetasomatism. The rocks underwent a multistage deformation history including syn-and postmetamorphic folding and faulting. As the outcrop area is covered by soil and debris with some exposed silici ed cli s only, and potassium content is a characteristic feature of the metasomatized rocks, geological mapping was supported by a spectral gamma ray survey with a scintillation detector of NaI(Tl) crystal. A thunderstorm felling the beech forest made the soil horizon B also accessible in several pits, providing the opportunity to make measurements on the weathered debris instead of the topsoil (horizon A). Measurements in di erent arrangements were designed to test the e ects of measuring time, measuring geometry and soil horizon. Our results show that concentration values obtained on the debris with a 2 min measuring time can be compared with those measured on exposed rock surfaces, producing a more reliable geological map than measurements on the topsoil with randomly variable K depletion. Pit geometry e ects can be eliminated by the K/(eU+eTh) ratio. This results in a more realistic K distribution map if neither U nor Th enrichments are present. The survey successfully delineated the unexposed outcrop of K-enriched rocks on the survey area.
Introduction
On the Lower and Upper Bagoly Hill area between the localities Bükkszentkereszt and Bükkszentlászló (Bükk Mts., Hungary) a uranium exploration was carried out in the period of [1969] [1970] [1971] [1972] [1973] , initiated by an airborne gamma-ray survey indicating anomaly on the spot [1, 2] . The main source of this anomaly proved to be the high potassium content of the rocks, but a subsequent ground gamma-ray survey indicated U-enriched debris in the gully beneath the Hősök-forrása (Spring of the Heroes). In some shallow drillholes and a cleared section on the side of the gully with few meters size, Mn-oxide bearing apatite bodies were found with some 100 ppm U and Be content. This beryllium indication focused the attention of the geologists involved in the CriticEl project on the occurrence. The objective of this project was to assess the potential of critical element resources in Hungary -one of these elements being Be.
The new exploration e orts aimed to nd and resample the apatite bearing rocks, and to estimate their spatial distribution. Nevertheless, the potential of other rock types of the area as resources for Be or any other critical element was also investigated. As Be enrichment was reported to be associated with U, and some rock types of the explored area are known to be rich in K, the possibility of the application of gamma ray detectors capable to determine the concentration of potassium, uranium and thorium was obvious.
The earliest application of the radioactivity surveying is the detection of U and Th deposits [3] with Geiger-Müller counters from the 1930's and with scintillation detectors from the 1940's. It can also be applied for environmental baseline mapping and delineating contaminated areas and for supporting the geological mapping, both with in situ and airborne surveys (for detailed description see e.g. [4] ). It is particularly useful when speci c features are not easily observable in the eld, but the contrast of enrichment is large enough in any of the three radioelements in the rock types to be distinguished -for example, composition changes in di erent levels of a stratovolcanic complex or areas a ected by hydrothermal alteration [5, 6] . Due to the relatively shallow penetration of method, the rocks have to be exposed or the soil and debris cover have to re ect the radioelement content of the underlying rock. The soil is subject to signi cant geochemical changes due to leaching and transport processes, and it can be easily redeposited, mixed and contaminated with material of allochtonous origin. Therefore, theoretically, when the soil could be removed, radiometric results could be regarded much more reliable than those measured on the topsoil.
On the 15 th May 2014 a storm felled the beech forest on the upper section of the valley of Hősök-forrása. This event provided a unique opportunity to access the lower soil horizon with cm to dm scale rock debris in hundreds of pits on the place of the torn up trunks. This paper describes the results of the spectral gamma ray survey made on these exposures within one month of the storm.
Local geology . Stratigraphy and rock types
The Bükk Mts. is an elevated segment of the Pannonian Basin basement between the Borsod Basin (N) and the Great Hungarian Plain (S); outcropping rocks range from Upper Carboniferous up to the Jurassic with scarce remnants of the Cenozoic cover ( Figure 1 ). The Northeast Bükk succession has typically steeply dipping contacts (can be overturned in recumbent folds) with a general E-W strike and younger rocks towards South in general. A characteristic feature of the Triassic Anisian-Carnian part of the succession is the occurrence of 3 (possibly 4) volcanic levels ( Figure 2 ). The survey area ( Figure 3 ) is located on the outcrop of the Lower Carnian Bagolyhegy Metarhyolite Formation [7] . The rocks su ered prehnite-pumpellyite facies metamorphism cca. 80-90 Ma ago [8, 9] and were folded and faulted in multiple phases. As syngenetic fabric and structures are strongly overprinted, it is almost impossible to distinguish between rocks of lava, tu or tu te origin. The formation is a calc-alkaline stratovolcanic complex [10] [11] [12] . The most common metarhyolite type on the survey area consists of quartz, feldspar (orthoclase, albite, plagioclase) and sericite with a strong anastomosing cleavage enveloping remnant porphyry quartz and feldspar grains. North of the survey area chlorite is also a major constituent in the metavolcanic rocks, and their SiO content is lower. This can be observed easily by the greenish colour instead of white in the ne grained matrix. Other signi cant accessories are pyrite, hematite, tourmaline, ilmenite and apatite, occurring typically as vein llings.
Chemical and mineralogical composition of the nonchloritic rocks of the Bagolyhegy Metarhyolite Formation corresponds to metarhyolite in general, but there are signi cant variations in the potassium content. Chemical analyses reported by Szentpétery [10] indicate 75% SiO and an elevated (5-9%) K O content on the Upper Bagoly Hill area. The main K-bearing mineral phases are potas- sic feldspars and white mica. Less et al. [7] suggest potassium metasomatism as the cause of this feature. Our assays support these results; high (6-9%) K O values were obtained from the silici ed metarhyolite samples, whereas unaltered samples yielded 3-5% only. However, this is still signi cantly higher than typical values of the nearby occurring metabasalt (1-2%) and massive limestone (0%). Some silici ed metarhyolite samples were Na-depleted but all were K-enriched, so silici cation seems to be connected with a potassium metasomatism. Sodic alteration (i.e. albitization), on the other hand, is associated with Kdepletion.
Some 10 m scale bodies of the metarhyolite -elongate along strike of the cleavage -are silici ed. The matrix is dark grey, homogeneous and the rock breaks with splinters. The uidal, striped and folded texture of the rhyolite is in some cases preserved. A penetrative cleavage also can be observed in this rock type, so silici cation has to be a premetamorphic, possibly postvolcanic alteration. The Kmetasomatized, silici ed rocks have a distinct mineral assemblage, where the dominant quartz is associated with orthoclase (adularia) and minor amount of pyrite, rutile, anatase, xenotime-(Y), monazite-(Ce), native gold, native silver and chlorargyrite.
There are abundant veins in some zones. Most typical are cm-and dm-scale grey quartz veins following the cleavage planes, sometimes crosscutting them in low angles. The vein material is not foliated. In some cases albite veins or rims occur. Formation of these veins and albitization can be associated with metamorphism. It formed its own peculiar mineral association of quartz, orthoclase, albite, pyrite, rutile and ilmenite (with high Mn, W and Nb content), and some accessory components: xenotime-(Y), cassiterite, anatase, brookite, apatite, arsenopyrite, glena. Special Nb-Ta-oxides: columbite-Fe-Mn solid solution and tantalite/tapiolite and Y-Nb-REE-oxide minerals from the pyrochlore, or aeschynite group are associated with the Ti-oxides (rutile and ilmenite). The rutile crystals usually are strongly Nb and W zoned, containing columbite, cassiterite and xenotime-(Y) inclusions. The columbite can be homogenous or Ta-zoned. Despite this particular Nb-Ta mineralization the bulk Nb-Ta content of the veins is depleted (1-2 ppm) compared to the host rock (10-15 ppm). In the cracks of both the K-metasomatized-silici ed rocks and albite-quartz veins a later secondary mineral association is also present dominated by Fe-oxides (goethite, hematite), sulphates (jarosite, gpsum) and a wide variety of phosphates (cacoxenite, strengite, dufrénite) and arsenates (scorodite, arseniosiderite, pharmacosiderite, bariopharmacosiderite) formed by weathering.
The gully-side cut of the uranium exploration was cleared again, and a 1-2 dm thick, strongly folded, dark Mn-oxide and uorapatite bed was found in white metarhyolite matrix, with the expected U and Be enrichment. Further elements Li, W and Sn were also found to be enriched. Mineralogical and chemical investigations proved that these elements are incorporated in the apatite crystals, Mn-oxides and clay minerals as substitutions [13] . The grain scale distribution of Be and Li were investigated by LA-ICPMS.
The stratigraphic cover of the Bagolyhegy Metarhyolite F. is massive, pure platform facies limestone (Kisfennsík Limestone F.) cropping out over the SE side of the survey area. The contacts are faults; original sedimentary contacts were also sheared due to the competence contrast between metarhyolite and limestone. Several 10 m scale limestone blocks were detached and embedded in the metarhyolite matrix on the W side of a major N-S striking fault.
The SW boundary of the Bagolyhegy Metarhyolite F. is a regional fault zone with rocks of volcanic origin on both sides at this section. These can be easily distinguished. On the SW side the chloritic metabasalt of the Szinva Metabasalt Formation is intercalated with cherty limestone and dolomite. This formation was dated to Late Carnian based on Conodonts (data of Kovács published in [7] ), and it also di ers from the NE side rocks with 120 Ma radiometric K-Ar age [12] . Subvolcanic intrusions of the same petrologic and geochemical character are also known embedded in the Vesszős Shale, underlying the Bagolyhegy Metarhyolite, named as the Létrás Metabasalt Formation (Figure 2 ).
. Geographical setting
The study area is a steep slope of 650-675 m high hills covered by beech forest. The typical slope angle is between 10°and 20°. There are several small springs, their runo cut deep gullies into the surface. Cli s are mostly small and scarce, but rock debris is overall present on the surface. The rocks are mechanically weak and broken. The only natural exposures of the unaltered rocks are some spots at the bottom of deep gllies. Cli s were formed from silici ed metarhyolite and massive limestone only; these are mostly E-W elongated (according to the strike of the cleavage), some 10 m wide and high steps on the slope. These steps are steep but not vertical, and 70-90% covered by debris and soil. The dm-or even m-scale fragments and blocks of these rocks can easily roll down the steep slopes and accumulate in the valley, being present everywhere below the cli s, mixed with the smaller and mostly at metarhyolite fragments.
Applied scintillation detector
Compact handheld Gamma Surveyor equipment developed by GF Instrument was used in the course of our eld measurements in full spectra & assay operation mode. In this mode the instrument always measures the complete spectrum in the range from 100 keV to 3 MeV, storing the counts in 512 channels. The detector is a NaI(Tl) crystal of 0.35 l volume and Cs calibration isotope is used for spectrum stabilization. The concentrations of K, U and Th are evaluated based on the determination of natural gamma radiation intensity emitted by the disintegration of K, Bi and Tl, respectively. The natural dose rate is calculated from the concentration data according to the IAEA recommendations. The equipment also provides the total count rate values, but this parameter is determined by the e ect of the calibration isotope mainly. Generally, a recommended measuring time does not exist, because it depends on the particular concentration values of interest. As a rule of thumb, 1-3 minutes are suggested by the manufacturer for spectra & assay measurement. This duration is long enough for dose rate measurement.
Factors influencing the results of the spectral natural gamma ray intensity measurements . E ects of transport processes in the soil and the disequilibrium
The most important minerals and rocks containing radioactive elements, their alterations and ways of transportation are summarized by Serra [14] . Autochthon soils developed on felsic bedrock types were found to be depleted in U, Th and K [15] . As expected, the most stable are the thorium-bearing minerals. Almost all thorium is transported in suspension in contrast with uranium which is more mobile, very soluble, and mainly transported in solution. Potassium is depleted in soil usually due to leaching. In the course of the weathering the alkali feldspars can be totally dissolved and the liberated potassium ions are transported in solution. At the same time micas lose their potassium content only partially [14] . U and Th concentrations derived from natural gamma spectrometry are usually given in units of ppm eU (equivalent uranium) and eTh (equivalent thorium), assuming equilibrium (i.e., when the rates of decay are the same of parent and daughter atoms in the corresponding decay se- ries). In the case of U and Th concentration determination the radioelements investigated are Bi and Tl, respectively. In the case of U series in the upper part of the soil some decay products can be at least partially removed from or added to the system investigated. Di erent processes (weathering and transport of U, emanation of Rn etc.) may contribute to disequilibrium. Th usually occurs in equilibrium, but rarely (e.g. in the course of strong tropical weathering) it does not. The disequilibrium may lead to error in the determination of the parent element concentration.
The variable soil moisture content, which cannot be controlled during the survey, can have a signi cant e ect on the measured eU concentration due to the changing and relatively high emanating fraction of Rn.
Bi is the decay product of Rn after two alpha decays with shorter half life. The concentration of the emanating Rn for soils varies between 27 and 43% in contrast with <1% for rockforming minerals [16] , and its di usion coe cients are signi cantly higher for dry soil than for wet or water saturated soil. Due to the higher emanating Rn retained by the pore water higher eU concentrations are measured on wet soil compared with dry soil, especially after rainy weather.
. E ect of the measuring time
Measuring time is the only factor which can be chosen in the equipment for the purpose of the investigation. Theoretically, the longer the measuring time the better accuracy that can be achieved. However, the accuracy is a nonlinear function of measuring time and it depends also on the concentration of the particular radioelement. Løvborg and Mose [17] , working with a scintillation detector with 76x76 mm NaI crystal size, found that 5-7 ppm U content can be assayed reliably in 2 minutes. For testing this parameter with our Gamma Surveyor equipment, 40 subsequent measurements were made in the lab without shielding on a silici ed metarhyolite sample characteristic of the exploration site, both for 2 and 3 minutes. Its mass was 8 kg, and 5.10% K, 4.01 ppm eU and 6.83 ppm eTh average concentrations were measured.
The variances of the measured 3-minute data are in very good agreement with the accuracy data given by the manufacturer (Table 1) . Although the gures are somewhat higher for 2 minute measuring time, there is no signi cant accuracy decrease in the case of eU and eTh, and the expected high K-concentration values and its variability were well beyond the di erences observed here. As the mapping process required the measurement on an utmost large set of sites in a nite time interval, a reasonably short measuring time had to be chosen, so 2-minute measurements were carried out.
. In situ test measurements on a given spot: e ects of the instrument and measurement method
Two series of measurements were designed for testing the uncertainties resulting from the stochastic nature of the radioactivity and the measurement process itself. Two pits of the survey area were chosen with relatively low (point 600) and high (point 601) expected K concentrations. Kcontents of samples from both pits were measured using WD-XRF method, resulting in 2.5% K and 5.4% K respectively. 50 readings were taken in both cases with 2 minutes measuring time and without replacing the detector. Major statistical parameters of the results are shown in Table 2 .
The K values at point 601 exceed the XRF data because of geometry discussed in the next subsection. The calculated variance values were higher for K and dose rate and lower for U and Th compared with the 2 minute lab measurement (Table 1) , but di erences (similarly to those originated from the expected value di erences) are not signi cant. The distributions of the 5 parameters in the two samples were normal and similar. Comparison of variances with two-sample F-test indicates that these can be regarded as the same for each parameter, despite the di erent expected values. The errors of the K concentration and the dose rate are fairly low.
Løvborg and Mose [17] pointed out that the K, eTh and eU results can interfere with each other because of overlapping frequency intervals of elevated intensity in their 
spectra. The eU and eTh concentration values from our test
proved not to be independent: a weak negative correlation was found in both samples ( Table 3 ). The K-eU coe cients show that elevated K content started also to interfere with the eU.
. Pit pro le test measurements: e ects of geometry and soil horizon
Measured values are also in uenced by factors like heterogeneity of the surface and the material we measure on, so it was necessary to test the level of accuracy depending on the factors suspected being relevant. It is an observed feature that soils formed on felsic rocks are depleted in all of the three radioelements, mostly with an abrupt decrease, typically 20-30%, at the boundary of the weathered debris and the saprolite (soil horizons B and A) [15] . This depletion in horizon A due to weathering, however, is a variable parameter and not a direct function of the quality of the underlying rock. Presence of weakly weathered debris or blocks incorporated in the topsoil also causes variability. As pits are exposures of horizon B, the expected concentration values are higher than the records taken on the topsoil surface; XRF control measurements indicate a 10-30% difference in K concentration. On the other hand, the geometry of the pits can also signi cantly contribute to increases in the measured values. The optimal geometry for the gamma ray measurements is a at surface (half-space), but the curvature and roughness of the pits is a given and stochastically variable feature. The geometry of the pit in our case is determined by the torn root. The soil mass of the torn root zone has a cylindrical form with a diameter of 1-3 m and a thickness of 0.5-1 m. Even the smallest thickness exceeds the penetration depth of the method practically. The variable tilt angle of the torn root zone has an important e ect on the measured data. The greater its coverage over the pit is, approaching the 'closed pit' situation, the larger the measured values have to be. Theoretically, if the instrument were placed in a totally closed pit in a homogeneous space, the measured values have to be twice as high as the values on the surface of the homogeneous half-space.
The superposition of geometric and activity variation e ect can be observed in a series of 25 measurements, which were taken along a 4.5 m long line outwards in a half-closed pit, site 601, also used in the previously described test (Figure 4 ). The interval (I) was characterized by a monotonously further hanging wall (from about 30 cm up to 1 m height), whereas the bottom was nearly at on the soil horizon B. The interval (II) was the slope of the pit covered partly with runo material from the surface. In the interval (III) measurements were taken on the soil horizon A on the edge of the pit and on the intact surface with progressively longer steps.
As it can be seen in Figure 4 , all measured parameters follow the same trend, although U and Th values are not independent, as stated before. In interval (I) there is no signi cant change in any of the measured parameters, despite the proximity of the hanging wall on the 0 cm side and its constant drawing away outwards, so it corresponds to 'closed pit' geometry. The slope interval (II), however, exhibits a constant decrease in every parameter, whereas interval (III) is practically constant again. The gradual activity change in interval (II) shows that the activity difference of soil horizons A and B has a strong in uence when these are mixed in the pit, so accurate measurement requires the removal of all runo material from the spot where the detector is placed. The other reason for the signi cantly decreasing tendency in the interval (II) is the decreasing coverage of the hanging root over the pit.
For the sake of separation of the two e ects, a series of measurements was taken in 10 pits from open (with vertical root zone surfaces) to half-closed, when the detector was placed on the bottom of the pit, on the bottom surface of the torn out root zone, and on the original topsoil surface on the opposite side of the torn out roots. In most cases the pit bottom response was more than twice as great as the surface response. The dose rate and K concentration data measured on the bottom surfaces were 1.5 times greater than the values measured on the top surfaces in average ( Table 4) .
The e ect of the geometry has to be the same for all radioelements, while there can be di erences in the concentration change with regards to the di erent soil horizons. Because of the interference of eU and eTh measurements, we choose to sum the two values of the same magnitude, and calculated the K/(eU+eTh) ratio. As expected, this activity ratio does not change in measurements made on the same type material (soil horizon B) with di erent geometry, but decreases in soil horizon A, indicating that K depletion is more pronounced than loss of U and Th.
Radiometric properties of the rocks
The prospecting works included sampling and assaying the rock types of the area. Rock chip samples were taken and mixed from 2-3 spots of an exposure, and the radiometric data given in Table 5 are averages of measurements taken on 4-5 spots in general. Sampling and radiometric measurements, however, were conjugated at the U-bearing apatite bed only.
Metarhyolite without silici cation is underrepresented in the radiometric dataset because of lack of exposures; another problem is posed by the small free surface of the exposures, so the placing possibilities of the detector limited the number of measurements. Typical assayed K-and U-concentrations of these rocks are 3.5-5% and 3-7 ppm respectively. Data measured by radiometry are in good agreement with these gures. The silici ed metarhyolite is characterized by consequently higher values for both elements corresponding again to the assay results of 7-9% K and 7-8.5 ppm U. In consequence, dose rate di ers also signi cantly from those of not silici ed rocks. Albitized metarhyolite could not be measured as there are no exposures with such rock material (debris in the soil only) on or in the immediate vicinity of the survey area. The chemical assay (on samples collected from debris) indicates very low K (< 1%) and U (< 1 ppm) concentrations. The activity of the U-bearing apatite bed and its country rock was measured several times and on several spots of the cut (site 85 on the Figure 3) , also during clearing of the exposure. This bed is strongly inhomogeneous, comprising several laminae of di erent mineralogical and chemical composition and consequently di erent gammaray emission. In addition, folding and shearing enhanced this inhomogeneous character. Radiometric results, very though generally variable, consequently overestimated the K-and underestimated the U-content in comparison with the assays, which can be accounted for by considering the e ect of the country rock, a large part of the source mass. However, the position of the bed was not detectable as an anomaly before the dm-thick covering debris was removed. On the other hand, waste dumps of 1970's eldworks with apatite debris were found as 30-70 ppm Uanomalies on the surface. Further measurements were taken on nearby exposures of the massive limestone and the metabasalt intercalated with limestone. As expected, the pure, light grey limestone is practically free of K, U and Th, while metabasalt shows signi cantly smaller concentrations than metarhyolite in all of the three elements, allowing unambiguous classi cation of these rock types in the area ( Figure 5 ).
Mapping
The map construction was based on data measured in freshly opened pits on the B soil horizon. If necessary, the surface was cleaned and levelled. 577 pit measurements were included in the mapping database. Where abundant pits were at hand, measured pits were chosen randomly with regard to the accessibility, the openness and an even spatial coverage. Positions of measurement points were recorded with GPS data and relative distances and orientations to each other. In addition to these, 22 boulders exceeding 0.5 m in diameter lying in or at the pits were also measured, but the data were treated separately. The points and the data obtained on blocks are shown on Figure 6 .
Measurements were not repeated in any points except at the two pits serving as sites of test measurements; each data record is the reading of a single 2-minute measurement.
In order to get rid of the varying geometric e ects and to focus on the geological mapping instead of the particular eU, eTh, K concentrations, the map presentation of the concentration ratios can be recommended. The eTh/K ratio was applied to characterize clay mineral assemblages [18] and to di erentiate acid, alkaline and basic magmatites [19] among the rst. Additional applications of the ratios were provided by Ru ell et al. [20] , and Dickson and Scott [15] . In our case, as the variability of the K is the dominant factor and the measured eU and eTh data are not independent, but their magnitudes are the same, the K/(eU+eTh) ratio was chosen as appropriate for reducing the e ect of the pit geometry. However, as Figure 6 shows a very similar picture of this ratio to the spatial distribution of K, this means no signi cant di erence on the E side of the valley. The lower ratio values of the W side, on the other hand, are due to the known higher U content of the silici ed, K-metasomatized rocks. In this case the use of this ratio renders the distinction between outcrops of metasomatized and non-metasomatized rocks less e ective.
The K/(eU+eTh) ratio proved to be more useful to make topsoil surface measurements comparable with the pit responses. On the east rim of the surveyed pit area a series of 43 spots were measured on the intact surface ( Figure 6 ). Each measurement was repeated after removal of the fallen leaves and grass; the records show that this cleaning makes no di erence. Calculation of the ratio produced comparable values and similar spatial tendencies as the corresponding pit data.
The statistical parameters (Table 6 ) of eU and eTh do not di er signi cantly from those calculated from in situ test measurements (Table 2 ). This is due to concentrations being generally low and the fact that uctuations (also biased by the interference error) cannot be observed with this method. The expected value of eTh corresponds to those derived from an airborne survey for the area [21] . On the other hand, it is not surprising that K and dose rate, which are correlated, have much higher variances than either of the test datasets. The eU-eTh interference is still indicated by the negative value of the linear correlation coe cient ( Table 7) . Interpretation of the maps can be based primarily on the K and secondarily on the U concentration data. Some spatial tendencies can be observed with di erences well beyond the inherent variance of the method. When de ning areas of elevated concentration, at least three or more sampling points were required with K values over 5% or eU values over 5 ppm in close vicinity and no values below 4% or 4 ppm. As the survey was made on steep slopes, the debris is expected to have moved downward from the outcrops, but sharp contrasts in the K content indicate that the e ect of mixing and apparent displacement of the outcrops is not signi cant in most cases (except the western side).
As Figure 7 shows, the survey area can be divided to three major units. Some statistical parameters for these units are included in Table 8 ; the distribution of K (the main classi er) and the ratio K/(eU+eTh) are depicted on Figure 8 . The area-based separation reveals that these distributions are in fact bimodal with overlapping peak regions. The uppermost Unit 1 in the south is characterized by low, 3-4% K values in general but with some spots of elevated K and U content. On the east the K values exceeding 10% in a point correspond to the outcrop of silici ed metarhyolite (see Figure 6) ; the exaggerated values are caused by the 'closed pit' geometry. Two other spots with lower K-maxima represent unsilici ed material. Blocks also have higher measured K values in general, even when not lying within these spots. Elevated eU values are sporadic and U-spots do not coincide with K-spots. The middle Unit 2 is characterized by generally high K and low eU values and the lack of silici ed material. Quartzite blocks also occur as everywhere on the survey area, however; records measured on these provided lower values for all parameters than the surrounding pits. Di erences between expected and extreme values of the potassium are signi cantly lower here than in the other two units. The lowermost Unit 3 including the cut with the apatite bed has low K values in general, but in the north on the left side of the valley wide spots of elevated eU can be observed. The NW corner is a cli of silici ed metarhyolite with high K and eU values (biased again by the 'closed pit' e ect in the dataset), with abundant blocks lying on the surface and block measurements provided.
The borderlines of the units may represent real geological contacts. The contact of Units 1 and 2 follows the strike of the cleavage and the crossing of the valley suggests a dip to the north. The contact of Unit 2 with the limestone on the E is clearly tectonic, possibly a W-NW-vergent thrust. The border of Units 2 and 3 is more complex. On the W side of the valley the irregular course of the borderline can indicate an allochtonous debris cover; shallow boreholes [1] crosscut 4-5 m of debris on this slope.
In our interpretation Unit 2 is the outcrop of a potassium rich, possibly metasomatized level in the stratovolcanic complex. Units 1 and 3 may represent over-and underlying levels respectively, but also identical levels repeated on opposite limbs of a fold or in an imbricate structure. Occurrence of the silici ed metasomatic bodies within these units may have been controlled by faults, fracture systems and rock types of variable porosity, but all of these features are strongly overprinted by later metamorphism and tectonism. Establishing a de nite structural model would require further exploration work with other methods. 
Conclusions
The results of the survey support the expected feature that soil horizon A is depleted in K. Removal of the soil horizon A enhances the concentration values signi cantly compared with the surface measurements. Records taken on horizon B can be regarded as equivalent with those on free rock surfaces when not enhanced by the e ect of geometry. Normalizing the measured K concentration values with the sum of the eU and eTh values renders the pit and topsoil measurements comparable. The contrast in potassium content between metasomatized (6-9% K) and una ected (3-5% K) metarhyolite was large enough to detect with spectral gamma ray measurements not only on exposures but also on outcrops covered by soil and debris. Unexposed outcrops of high Kcontent rock bodies were mapped. Elevated K concentration is not necessarily conjugated with silici cation, although the highest K and eU values are still hosted by silici ed metarhyolite, K-metasomatism a ected larger volumes of the volcanic complex than silici cation.
